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Seed priming may enhance establishment success of cool-season range grasses which must compete with annual weeds
for early spring moisture. Previous priming studies have con®rmed germination rate enhancement for these species
but relative treatment e�ects under ®eld-temperature conditions have not been assessed. We primed seeds of
thickspike wheatgrass [Elymus lanceolatus (Scribn. and J. G. Smith) Gould], bluebunch wheatgrass [Pseudoroegneria
spicata (Pursh) LoÈ ve], Sandberg bluegrass (Poa sandbergii Vasey.) and bottlebrush squirreltail [Elymus elymoides
(Raf.) Swezey] and evaluated their relative emergence rate in three soil types as a function of spring-planting date.
Germination response was simultaneously evaluated in laboratory germinators that were programmed to simulate the
®eld-temperature regime at planting depth. Seed priming enhanced both germination and emergence rate with the
greatest e�ect occurring during the earlier, cooler planting dates. Total emergence and emergence rate in the ®eld were
lower than for the equivalent germination response in the laboratory. Thermal-germination response was modelled
and predictions developed for evaluating potential germination under late winter/early spring soil-temperature
regimes. Modelling results predicted that greater germination enhancement would have been possible at earlier
planting dates than were measured in the ®eld experiment. # 2000 Annals of Botany Company
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e�ects on germination response under alternative ®eld-
INTRODUCTION

Seed priming is a pre-germinative treatment in which seeds
are held at a water potential that allows imbibition, but
prevents radicle extension (Bradford, 1986). Priming has
been shown to increase low-temperature germination rate
and subsequent ®eld emergence for many crop species
(Taylor et al., 1998). Keller and Bleak (1968) and Bleak
and Keller (1970, 1972, 1974) used a wetting-and-drying
seed treatment to enhance ®eld establishment of several
rangeland grasses, but most priming studies of similar
species have been limited to laboratory tests (Hardegree and
Emmerich, 1992; Hardegree, 1994a,b, 1996; Mueller, 1996).
Hardegree (1994a,b, 1996) suggested that an increase in
low-temperature germination rate might prove bene®cial to
establishment of cool-season range grasses, which must
compete with annual weeds for early spring moisture.

Thermal-germination models can be used to quantify the
temperature dependence of seed germination and emerg-
ence (Probert, 1992). Hardegree and Van Vactor (1999)
used a model to describe germination response of several
rangeland grass species under simulated-®eld-temperature
regimes but did not evaluate model response in the ®eld.
Field emergence is a�ected by a number of biological,
physical and chemical factors in addition to those that can
ed to temperature (Hegarty, 1973; Egli and
996; Weaich et al., 1996).
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Hardegree and Burgess (1995) developed a germination-
control system that allows for laboratory simulation of
®eld-temperature regimes in near-real time. Simultaneous
measurement of ®eld emergence and laboratory germina-
tion may reveal new insights regarding the relative in¯uence
of temperature and other environmental factors on seedling
establishment. The purpose of this study was to measure
priming e�ects on germination and emergence of several
perennial bunchgrasses native to the Great Basin region of
the western United States. Speci®c objectives were: (1) to
evaluate priming e�ects on both germination and emer-
gence under ®eld, and simulated-®eld temperature regimes;
(2) to develop models to characterize cumulative germina-
tion response to temperature; (3) to compare laboratory
germination and ®eld emergence patterns under identical
temperature regimes; and (4) to estimate seed-priming
temperature scenarios.

MATERIALS AND METHODS

Thickspikewheatgrass [Elymus lanceolatus (Scribn. and J.G.
Smith) Gould], bluebunch wheatgrass [Pseudoroegneria
spicata (Pursh) LoÈ ve], Sandberg bluegrass (Poa sandbergii
Vasey.) and bottlebrush squirreltail [Elymus elymoides
(Raf.) Swezey] seeds were purchased from a commercial
source which collected the seeds in 1991 and 1992 for
experiments conducted in 1993 and 1994, respectively. Seeds

were stored in cloth bags at room temperature between
collection and use. These species were selected because they
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have been identi®ed by the United States Department of the
Interior, Bureau of Land Management as high-priority
species for restoration of deteriorated rangelands in the
Intermountain region of the western United States.

Seeds were primed using the matric-potential control
system described by Hardegree and Emmerich (1992). A
preliminary experiment was conducted to estimate the
optimal-priming conditions of water potential and treat-
ment duration for these seedlots following the procedure
suggested by Hardegree (1996). Optimal priming conditions
for 1991 seeds were determined to be 4 d equilibration at
ÿ1.0 MPa for thickspike wheatgrass, ÿ1.6 MPa for blue-
bunch wheatgrass, ÿ1.3 MPa for bottlebrush squirreltail,
and ÿ1.0 MPa for Sandberg bluegrass. Optimal priming
conditions for 1992 seeds were determined to occur after a
6 d equilibration at ÿ1.3 MPa for thickspike wheatgrass,
ÿ1.6 MPa for bluebunch wheatgrass, ÿ1.3 MPa for Sand-
berg bluegrass, and after a 4 d equilibration at ÿ1.3 MPa
for bottlebrush squirreltail. Seeds were primed at 258C, air-
dried on the laboratory bench for 1 week and then stored in
cloth bags at room temperature until needed (Hardegree,
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1994b). Seeds were primed 2 weeks in advance of the ®rst

counted and removed when they exhibited radicle extension
germination test in a given year.

Field emergence

Primed and non-primed seeds were planted, and seedling
emergence monitored, in ®eld plots located on sandy loam
(55% sand, 38% silt, 7% clay; site 1), loamy sand (79%
sand, 17% silt, 4% clay; site 2) and silt loam (27% sand,
58% silt, 15% clay; site 3) soil types at the Orchard Field
Test Site in southeastern Ada County, Idaho. Emergence
plots on each soil type were instrumented with at least three
thermocouples for recording soil temperature at a depth of
1 cm. Soil temperatures were monitored every 10 min and
average temperatures calculated for each hour of the ®eld
experiment. Data were recorded by an automated data
acquisition and telemetry system that transmitted the data
to the Boise laboratory every morning.

One hundred and ®fty seeds of each species and
treatment were planted in each of three 10 � 20 cm bare-
soil micro-plots in each soil type on 1 April and every 10 d
thereafter, for a total of six planting dates in each year.
Micro-plots were arranged in three randomized blocks on
each soil type. Blocks were hand irrigated every second day
to reduce water stress as an environmental variable. Each
block was visited every 2 d for 28 d after planting and

checked for emergence. Newly-emerged seedlings were

to stabilize the variances using square root (D50) and
counted and removed.

Laboratory germination

Seeds were germinated in the same matric-potential
control system used for priming (Hardegree and Emmerich,
1992). Matric-potential control was not a factor in the
germination study so the solution reservoir inside the
germination vials contained water rather than an osmotic
solution. Free water on top of the membrane was minimized

by maintaining the solution reservoir at the same height as
the membrane and by daily suction when necessary. Seeds
were dusted with Daconil fungicide powder (2,4,5,6-tetra-
chloro-1,3-benzenedicarbonitrile, wettable powder) at the
beginning of a given experimental run and as needed
thereafter to control fungal-deterioration of the membrane.

Temperature control was maintained inside 15 program-
mable-environmental chambers of the type described by
Hardegree and Burgess (1995). A computer monitoring and
control system evaluated chamber temperature every 3 min
and adjusted the temperature whenever measured tempera-
ture deviated from programmed temperature by 50.58C. A
datalogger monitored chamber temperature every 10 sec
and recorded an average temperature value for every 15 min
period. Chamber lights, which maintained a photon irradi-
ance of 16.0+ 0.4 mmol mÿ2, were activated for 12 hdÿ1
starting at 0600 h.

Laboratory germinators were programmed to simulate
thermal conditions in the ®eld-emergence plots at the
Orchard site. Laboratory-germination experiments were
conducted simultaneously with ®eld-emergence experi-
ments but with a 3 d lag-time in 1993, and a 5 d lag-time
in 1994. The thermal lag was maintained so that germina-
tion and emergence measurements could be made on alter-
nate days, and to allow for occasional delays in telemetry.
Three germinators each were also programmed to maintain
constant temperature conditions of 10 and 258C over the
course of the experiment. The constant temperature treat-
ments were implemented to track any changes in inherent
germinability over the course of the experiment.

Germination vials were loaded into the environmental
chambers on the day simulating 1 April, and every 10 d
thereafter for a total of six simulated planting dates in each
year. A set of germination vials were also loaded into the
constant-temperature chambers on these dates. Germina-
tion vials were replicated three times within each chamber,
and each temperature regime was replicated in three
separate chambers. Each germination vial contained
30 seeds of a given species except for Sandberg bluegrass
vials which contained 35 seeds. Germination vials were
monitored every second day for 28 d and the seeds were
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of 52 mm.

Treatment comparisons

Treatment means were analysed by analysis of variance
for three performance indices: total percentage germination
(G); days required to reach 50% germination for the
laboratory data (D50); and total percentage emergence for
the ®eld data (E). Days to 50% germination was based on
the total number of seeds in the vial. Data were transformed
arcsine square root (G, E) transformations.

Cumulative germination models and historical simulation

A germination model was derived for primed and non-
primed seeds of each species in each year from the variable-
temperature laboratory-germination data (Arnold, 1959;

Garcia-Huidobro et al., 1982). Germination counts were
pooled by species and priming treatment within each



primed and non-primed seeds planted between 1 March
and 15 May.

(Table 1). Priming had relatively little e�ect on total-
laboratory germination across all treatments (Table 1,

FIG. 1. Mean average, minimum and maximum temperatures measured
at a depth of 1 cm in the sandy loam soil type at the Orchard Field Test
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chamber and the within-box totals considered replicate
samples for model development and analysis. Cumulative
germination was calculated for every species and priming
treatment for every day of the germination test. Cumulative
germination data were numerically transformed to a scale
of 0 to 100% by dividing cumulative germination percen-
tages by a scaling factor (Ellis et al., 1986). The scaling
factor was equal to the maximum-mean-germination
percentage achieved in the optimal-temperature treatment
for a given species. Application of the scaling factor
adjusted the germination percentages for each species to a
common scale with a maximum value of 100%.

For modelling purposes, the seed populations were
considered to be composed of subpopulations based on
relative germination rate (Garcia-Huidobro et al., 1982;
Benech Arnold et al., 1990). Days required to achieve 5 to
95% germination were calculated for each species, year,
planting date and priming treatment by interpolation from
the cumulative-germination curves (Covell et al., 1986).
These percentile rankings were assumed to represent sub-
populations that would germinate in the same relative order
regardless of thermal environment (Garcia-Huidobro et al.,
1982). Inverse days required to achieve a given germination
percentile was, therefore, considered to equal the per-day
germination rate of the subpopulation represented by that
percentile ranking.

Germination response data from the simulated ®eld-
temperature treatments were used to derive thermal-
response rate equations for each species, year, priming
treatment and subpopulation following the coe�cient of
variation (CV) procedure outlined by Arnold (1959).
Thermal-time (y) was de®ned as the number of degree-
days above a base temperature (Tb) required for a given
subpopulation to germinate. Per-day germination rate for a
given subpopulation was related to y and Tb with the
following equation

R � � �T ÿ Tb�yÿ1 �1�

where R is germination rate (dÿ1) and �T is the mean
temperature between time of sowing and germination. This
equation was modi®ed to give:

y � � �T ÿ Tb�d �2�

where d equals the number of days required for a given
subpopulation to germinate.

Germination times for each subpopulation were deter-
mined for each thermal regime by interpolation from
cumulative germination curves as previously described.
Degree-day requirements for germination (y) of a given
subpopulation were iteratively calculated using a series of
Tb estimates in 0.18C increments between ÿ10 and 108C.
The optimal value of Tb for a given subpopulation was
estimated to be the temperature that resulted in the lowest
CV for y across all variable-temperature regimes (Arnold,
1959).
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Equations (1) and (2) are only valid for temperatures
greater than the estimated value of Tb . Time spent below Tb
was not included in either the calculation of germination
time or the estimation of �T.

Inclusion of planting dates 5 and 6 introduced high
variability in Tb and y estimates. This probably resulted
from signi®cant time spent in the supra-optimal tempera-
ture range for these species (Hardegree et al., 1999).
Optimized values of Tb and y were recalculated using
only planting dates 1±4 to characterize the sub-optimal
temperature response.

Soil temperature data from the Orchard site were used in
conjunction with thermal-model parameters to simulate
late-winter/early-spring germination patterns for the period
between 1993 and 1998. Field-temperatures measured at a
depth of 1 cm in ®eld-emergence plots in the sandy-loam
site were used to simulate potential germination response of
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RESULTS

Average-daily temperature at 1 cm for the 6-year period
remained below 28C until the end of February, after which
temperatures rose at a rate of approx. 0.188Cdÿ1 for the
next 3.5 months (Fig. 1). Laboratory germinators were
programmed not to exceed the temperature range of 2 to
408C. Field temperatures exceeded the low-temperature
limit of the chambers (Fig. 2) for only a few days in 1993.
Laboratory germinators were unable to match some high
temperatures later in 1993 when the rate of temperature
change in the ®eld exceeded the rate at which the
environmental chambers could heat during parts of the
day. Field and laboratory temperature regimes were more
accurate in 1994.

Total percentage germination in the laboratory did
not vary signi®cantly among simulated-site temperature
regimes, so data were pooled across site treatments
site between 1993 and 1998. Arrows indicate planting dates for 1993±
1994 ®eld/laboratory study.



FIG. 2. Relative conformance between hourly ®eld temperatures and
temperatures measured inside laboratory germinators simulating 1 cm
depth on the sandy loam soil type in 1993 (h) and 1994 (s). Only every

fourth data point is shown to improve clarity.
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Fig. 3). There was a slight tendency for total germination to
decrease as the planting season progressed, but this was
found to be signi®cant in only a few cases. In the constant

temperature treatments, planting date had a signi®cant
e�ect on total germination for some species but the

TABLE 1. Total germination percentage as a function of specie
®eld-variable tempe

Priming
treatmentSpecies Year 1 Apr 11 A

Thickspike 93{ Non-P 92 (3) 91 (
Wheatgrass Primed 91 (3) 89 (

94{ Non-P 69 (5) 66 (
Primed 60 (6) 62 (5

Bluebunch 93{ Non-P 82 (3) 80 (
Wheatgrass Primed 86 (4) *

94{ Non-P 83 (4) 82 (
Primed 80 (4) 81 (4

Sandberg 93{ Non-P 74 (5) 76 (
Bluegrass Primed 67 (8) 76 (7

94 Non-P 69 (8) 71 (
Primed 67 (7) 67 (6

Bottlebrush 93{{ Non-P 78 (5) 82 (
Squirreltail Primed 79 (2) 78 (6

94{ Non-P 71 (7) 77 (
Primed 77 (6) 76 (6

Site diferences were not signi®cant,therefore, data were pooled. Numb
*Missing data.
{Priming treatment did not have a signi®cant e�ect on total germinati
{Planting date did not have a signi®cant e�ect on total germination p
magnitude of this e�ect was relatively small (Table 2).
Priming had a relatively large negative e�ect on total
germination for Sandberg bluegrass at 258C in 1994.

Total percentage emergence was highly variable in the
®eld (Table 3; Fig. 3). Total emergence was generally low or
zero for the later planting dates in 1994 (Table 3, Fig. 3).
Priming signi®cantly increased total emergence for all
species except Sandberg bluegrass in most years when
evaluated across planting dates (Table 3). Site e�ects on
emergence were relatively inconsistent, but on the coarse-
textured site (loamy sand, site 2) emergence tended to be
maximal on the ®rst planting date, after which it dropped
rapidly. Maximum emergence on the ®ner-textured site (silt
loam, site 3) tended to be associated with relatively lower
values of total emergence on the ®rst planting date and
higher values later in the season (Table 3). Field emergence
was relatively lower for all seedlots and treatments in 1994.

Days required for 50% germination in the laboratory
were signi®cantly reduced (germination rate increased) by
priming, and the e�ect was most notable in the earlier,
cooler temperature treatments (Tables 4, 5, Fig. 3). Days to
50% emergence in the ®eld was not very useful as a
comparative rate index as the majority of ®eld treatments
did not result in 50% emergence. Emergence rates, how-
ever, were increased for earlier-germinating subpopulations,
especially in the earlier-season planting treatments (Fig. 3).

Table 6 lists the optimized germination model
parameters derived from the laboratory germination data.
Germination data from planting dates 5 and 6 were not
used in the CV analysis because temperatures routinely
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exceeded optimal temperature limits which were estimated
to be in the 20±258C range (Hardegree and Van Vactor,

s, year, priming treatment and simulated planting date for the
rature treatments

Simulated planting date

pr 21 Apr 1 May 11 May 21 May

3) 88 (3) 89 (3) 89 (4) 90 (3)
4) 88 (3) 89 (2) 89 (3) 90 (3)
4) 69 (7) 67 (3) 64 (5) 63 (4)
) 59 (5) 59 (8) 66 (5) 56 (6)

3) 79 (4) 75 (5) 79 (5) 75 (7)
80 (5) 78 (4) 73 (7) 69 (18)

7) 88 (4) 81 (4) 84 (4) 83 (4)
) 77 (6) 84 (3) 77 (9) 76 (6)

6) 72 (7) 70 (3) 72 (6) 68 (8)
) 77 (8) 69 (8) 72 (5) 75 (8)
8) 67 (7) 71 (5) 74 (6) 78 (6)
) 54 (12) 70 (4) 69 (4) 71 (5)

2) 77 (4) 77 (4) 77 (5) 80 (7)
) 84 (4) 77 (5) 76 (3) 79 (7)
6) 72 (5) 71 (7) 72 (7) 74 (5)
) 71 (5) 69 (3) 73 (5) 69 (11)

ers in parentheses represent s.e.m.

on percentage in this year.
ercentage in this year.



TABLE 2. Total germination percentage as a function of species, year, priming treatment and simulated planting date for the
constant 10 and 258C treatments

Priming treatment

Species Year Temperature Planting date Non-primed Primed

Thickspike 93{{ 10 1±6 90 (5) 90 (3)
Wheatgrass 25 1±6 90 (4) 88 (4)

94 10 1±6 64 (7) 59 (6)
25 1±6 57 (6) 50 (5)

Bluebunch 93{ 10 1±6 82 (5) 81 (5)
Wheatgrass 25 1±6 75 (10) 73 (9)

94 10 1±6 83 (5) 78 (5)
25 1±6 81 (5) 70 (7)

Sandberg 93{{ 10 1±6 70 (7) 69 (5)
Bluegrass 25 1±6 69 (8) 69 (9)

94 10 1±6 69 (6) 69 (7)
25 1±6 66 (8) 50 (8)

Bottlebrush 93{ 10 1 75 (2) 82 (1)
Squirreltail 2 77 (5) 82 (4)

3 72 (6) 78 (4)
4 76 (8) 75 (6)
5 68 (4) 81 (1)
6 74 (5) 79 (4)

1±6 74 (5) 79 (4)
25 1 84 (2) 84 (2)

2 77 (4) 82 (2)
3 78 (3) 87 (5)
4 65 (5) 79 (5)
5 77 (1) 77 (3)
6 81 (3) 73 (3)

1±6 77 (7) 80 (6)
94{ 10 1±6 74 (3) 73 (5)

25 1±6 66 (5) 62 (6)

Planting date e�ects were not signi®cantly di�erent except for bottlebrush squirreltail in 1993. Data for other species and years were, therefore,
pooled across simulated planting dates. Numbers in parentheses represent s.e.m.

{Temperature treatment did not have a signi®cant e�ect on total germination percentage in this year.
t
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1999; Hardegree et al., 1999). Priming signi®cantly
decreased y for almost all species, seedlots and subpopula-
tions. Optimized values of Tb were generally lower for
primed seeds. Tb also tended to decrease as subpopulation
percentage increased. Bottlebrush squirreltail exhibited
a somewhat anomalous priming e�ect in 1994 with a
relatively small reduction in y and large reduction in Tb
(Table 6).

The ®eld-temperature data for the period 1993±1998 were
used to derive model estimates of days to 50% germination
for simulated planting dates between 1 March and 15 May.
The di�erence between simulated values for primed and
non-primed seeds is shown in Fig. 4. Figure 4 also shows
measured values of germination time used to derive model
parameters for this subpopulation. This ®gure illustrates the
magnitude of the potential priming e�ect under a wider

{Priming treatment did not have a signi®cant e�ect on total germina
range of temperature conditions than were measured in this

experiment.

DISCUSSION
Seed priming has been shown to advance germination
and emergence rate for many agricultural plant species
(e.g. Brocklehurst et al., 1984; Helsel et al., 1986; Alvarado
et al., 1987; Evans and Pill, 1989; Bradford et al., 1990;
Khan et al., 1992; Suzuki and Obayashi, 1994; Yamamoto
et al., 1997). Signi®cant germination enhancement at low
temperature has been measured for primed seeds of
several range grass species, but previous studies have not
evaluated germination and emergence under ®eld con-
ditions (Hardegree and Emmerich, 1992; Hardegree,
1994a,b, 1996; Mueller, 1996). This study showed that
seed priming enhanced total emergence of four bunchgrass
species in the ®eld, but that the priming e�ect was highly
dependent upon seedlot, planting date and soil type
(Table 3, Fig. 3). Priming also enhanced germination and
emergence rates, but signi®cant advancement was mostly
limited to the earlier, cooler, planting dates (Table 4, Fig. 3).

The most likely cause of the discrepancy between
germination and emergence data is water-stress and soil
physical constraints. These e�ects are exacerbated as
temperatures warm and the soil becomes subject to greater
evaporative stress later in the season (Hegarty, 1973; Brar
et al., 1992; Finch-Savage and Phelps, 1993; Egli and

ion percentage in this year.
TeKrony, 1996; Helms et al., 1996; Weaich et al., 1996).
Hand watering every other day was not su�cient to keep



TABLE 3. Total percentage emergence as a function of species, year, priming treatment, site and simulated planting date

Priming
treatment

Simulated planting date

Species Year Site 1 Apr 11 Apr 21 Apr 1 May 11 May 21 May

Thickspike 93 Non-P 1 91 (14) 75 (16) 67 (19) 83 (24) 35 (26) 64 (19)
Wheatgrass 2 88 (4) 68 (26) 47 (7) 50 (10) 10 (16) 12 (9)

3 38 (18) 55 (9) 45 (11) 28 (15) 31 (17) 66 (14)
Primed 1 88 (12) 74 (19) 96 (7) 74 (9) 47 (8) 77 (11)

2 80 (13) 62 (5) 66 (4) 62 (16) 10 (8) 20 (7)
3 55 (11) 70 (11) 68 (8) 58 (11) 49 (18) 87 (11)

94{ Non-P 1 43 (2) 4 (8) 36 (9) 2 (3) 0 (0) 0 (0)
2 12 (11) 1 (1) 6 (3) 5 (8) 0 (0) 0 (0)
3 22 (3) 29 (16) 20 (9) 2 (1) 5 (5) 0 (0)

Primed 1 26 (8) 12 (10) 55 (7) 2 (2) 3 (4) 1 (2)
2 23 (2) 6 (6) 8 (3) 1 (1) 1 (1) 0 (0)
3 19 (8) 34 (1) 27 (9) 10 (12) 9 (12) 5 (8)

Bluebunch 93 Non-P 1 49 (11) 61 (5) 64 (9) 57 (11) 35 (9) 58 (11)
Wheatgrass 2 62 (11) 67 (1) 36 (7) 33 (8) 3 (1) 22 (13)

3 27 (9) 48 (13) 49 (14) 30 (22) 40 (12) 40 (11)
Primed 1 91 (9) 70 (7) 71 (11) 74 (8) 42 (15) 60 (6)

2 77 (6) 74 (*) 54 (1) 51 (11) 8 (2) 24 (15)
3 22 (7) 55 (6) 79 (14) 29 (10) 48 (11) 70 (24)

94 Non-P 1 50 (11) 5 (3) 41 (15) 4 (7) 9 (14) 0 (1)
2 33 (31) 12 (8) 15 (11) 1 (1) 0 (1) 0 (0)
3 40 (4) 31 (4) 59 (8) 7 (5) 36 (6) 1 (2)

Primed 1 41 (12) 13 (14) 55 (22) 1 (1) 3 (2) 1 (1)
2 35 (19) 10 (6) 24 (15) 0 (0) 2 (3) 0 (0)
3 46 (5) 44 (6) 56 (5) 10 (18) 19 (27) 2 (2)

Sandberg 93{ Non-P 1 41 (19) 54 (10) 17 (5) 20 (9) 13 (11) 40 (5)
Bluegrass 2 48 (10) 34 (3) 30 (13) 15 (13) 12 (15) 25 (10)

3 20 (14) 36 (12) 26 (9) 4 (8) 23 (4) 39 (19)
Primed 1 43 (22) 39 (2) 55 (1) 30 (7) 14 (18) 50 (14)

2 66 (18) 40 (13) 28 (19) 15 (14) 2 (3) 26 (5)
3 18 (10) 32 (5) 27 (15) 5 (3) 31 (3) 47 (12)

94{ Non-P 1 21 (8) 18 (17) 14 (13) 2 (3) 0 (0) 0 (0)
2 24 (2) 19 (7) 12 (11) 4 (8) 0 (0) 0 (0)
3 15 (3) 15 (13) 5 (5) 2 (1) 0 (1) 0 (0)

Primed 1 18 (3) 11 (9) 17 (15) 2 (2) 1 (2) 0 (0)
2 41 (9) 18 (8) 8 (6) 6 (11) 1 (1) 0 (0)
3 20 (13) 4 (1) 1 (1) 0 (0) 0 (0) 0 (0)

Bottlebrush 93 Non-P 1 60 (14) 60 (13) 55 (13) 45 (5) 26 (12) 58 (6)
Squirreltail 2 74 (6) 60 (12) 53 (9) 71 (13) 12 (13) 29 (27)

3 12 (3) 47 (7) 30 (10) 19 (9) 37 (14) 59 (5)
Primed 1 68 (7) 67 (*) 80 (14) 52 (9) 42 (1) 66 (13)

2 75 (1) 75 (7) 53 (21) 40 (9) 9 (11) 24 (9)
3 21 (0) 54 (15) 27 (7) 20 (5) 55 (27) 67 (12)

94{ Non-P 1 31 (13) 28 (19) 55 (12) 7 (9) 12 (10) 1 (2)
2 35 (13) 9 (12) 18 (21) 2 (1) 0 (1) 0 (0)
3 35 (9) 36 (4) 30 (13) 19 (21) 10 (3) 1 (1)

Primed 1 40 (11) 15 (14) 59 (10) 0 (0) 9 (9) 6 (4)
2 60 (16) 42 (26) 32 (25) 2 (2) 2 (3) 0 (1)
3 29 (10) 36 (11) 39 (7) 25 (21) 22 (21) 2 (4)

Soil types for sites 1±3 were sandy loam, loamy sand and silt loam, respectively. Numbers in parentheses represent s.e.m.
* Standard error of the mean could not be calculated because only one replicated ®eld plot was planted.
{Priming treatment di�erences not signi®cant in this year.
{Site di�erences not signi®cant in this year.
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the soil wet at the planting depth as the season progressed,
particularly in 1994. Mean temperature (at a depth of 1 cm)
among the three soils did not di�er by more than a few
degrees, but priming e�ects on emergence were signi®cantly
a�ected by di�erences in soil type (Table 3). Soil textural

e�ects were probably manifest through their in¯uence on
near-surface soil-hydraulic properties. The loamy sand
(site 2) would lose moisture most rapidly to drainage and
has a much lower water holding capacity than either the
sandy loam or silt loam. Seeds that germinate quickly are
more likely to emerge before water became limiting.
Priming e�ects on total percentage germination were not

apparent in the laboratory where water was not limiting
(Table 1). Year e�ects may have contributed to the lower



FIG. 3. Cumulative laboratory germination and ®eld emergence of primed (j, d) and non-primed (h, s) seeds for planting dates 1 April (s, d)
and 11 May (h, j) for the sandy loam temperature regime and ®eld site. Bars represent +s.e.
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overall emergence in 1994, but this appears to be a factor
only for Thickspike wheatgrass which showed lower total
germination percentage in the laboratory during the second
year (Table 1).

Laboratory simulation of the ®eld-thermal environment
allowed us to separate temperature e�ects from other
environmental factors that in¯uence germination and
emergence. The data from this experiment show a consistent

pattern of priming e�ects on thermal response across
simulated plant dates and across seed subpopulations.
Primed seeds germinated more rapidly and the magnitude
of this e�ect was larger under low-temperature conditions
(Table 3, Fig. 3). We quanti®ed the priming e�ect by
calculating thermal-response parameters from the sub-
optimal temperature data (Table 6). Priming signi®cantly
lowered thermal time requirements for germination and
resulted in lower base temperatures for germination across
most subpopulations (Table 6). Germination model

parameters from the laboratory simulation also allowed us
to extrapolate to other thermal conditions such as those



TABLE 4. Days to 50% germination as a function of species, year, priming treatment, site-temperature regime and simulated
planting date

Priming
treatment

Simulated planting date

Species Year Site 1 Apr 11 Apr 21 Apr 1 May 11 May 21 May

Thickspike 93 Non-P 1 9.7 (0.1) 9.2 (0.2) 6.8 (0.2) 6.9 (0.0) 3.4 (0.2) 3.6 (0.2)
Wheatgrass 2 8.5 (0.4) 7.9 (0.3) 5.6 (0.2) 5.5 (0.4) 3.4 (0.1) 3.2 (0.1)

3 10.2 (0.5) 9.2 (0.3) 6.8 (0.4) 6.5 (0.6) 3.3 (0.1) 3.7 (0.1)
Primed 1 5.4 (0.1) 5.4 (0.4) 4.3 (0.5) 3.8 (0.3) 2.5 (0.1) 2.7 (0.6)

2 5.0 (0.2) 5.0 (0.1) 3.6 (0.1) 3.1 (0.1) 2.0 (0.5) 2.3 (0.2)
3 5.5 (0.3) 5.7 (0.3) 4.5 (0.3) 3.8 (0.3) 2.4 (0.4) 2.8 (0.3)

94{ Non-P 1 11.0 (0.7) 7.8 (0.2) 7.2 (0.3) 6.1 (0.4) 6.1 (1.2) 6.0 (0.7)
2 9.2 (0.9) 8.3 (0.5) 6.6 (1.1) 6.3 (1.1) 6.3 (2.1) 5.9 (1.4)
3 11.1 (0.9) 8.4 (0.2) 7.1 (1.4) 6.5 (1.1) 5.7 (1.1) 6.0 (1.4)

Primed 1 6.7 (1.8) 6.2 (1.2) 4.7 (1.2) 4.9 (0.9) 3.3 (0.4) 4.0 (0.3)
2 6.2 (0.6) 6.0 (0.3) 4.8 (1.5) 5.4 (1.4) 3.7 (0.6) 5.2 (1.2)
3 6.6 (1.4) 6.4 (0.2) 4.1 (0.2) 4.8 (1.4) 3.5 (0.3) 4.5 (1.5)

Bluebunch 93 Non-P 1 11.2 (0.5) 10.4 (0.6) 7.4 (0.1) 8.5 (0.7) 4.3 (0.6) 3.8 (0.1)
Wheatgrass 2 10.2 (0.7) 8.8 (0.4) 6.3 (0.5) 6.3 (0.7) 3.6 (0.1) 3.8 (0.1)

3 11.9 (0.5) 10.1 (0.5) 7.5 (0.4) 7.7 (0.8) 4.1 (0.8) 4.6 (1.0)
Primed 1 5.4 (0.2) * 4.6 (0.5) 3.8 (0.3) 2.5 (0.8) 3.3 (0.8)

2 5.0 (0.1) * 3.8 (0.5) 3.3 (0.5) 2.7 (0.8) {
3 5.5 (0.2) * 4.3 (0.7) 4.2 (0.8) 2.7 (0.5) 2.9 (0.8)

94 Non-P 1 6.3 (0.5) 5.7 (0.1) 4.7 (1.0) 4.4 (0.3) 3.7 (0.6) 3.4 (0.2)
2 5.8 (0.3) 5.7 (0.4) 3.6 (0.4) 4.1 (0.4) 3.5 (0.4) 3.5 (0.1)
3 6.6 (0.8) 6.3 (0.4) 3.7 (0.2) 4.4 (0.5) 3.5 (0.3) 3.6 (0.1)

Primed 1 2.6 (0.3) 3.5 (0.3) 2.4 (0.7) 2.4 (0.3) 3.2 (1.0) 3.0 (0.5)
2 2.4 (0.6) 3.5 (0.1) 2.2 (0.5) 2.2 (0.6) 2.2 (0.6) 2.4 (0.8)
3 3.0 (0.3) 3.7 (0.3) 1.9 (0.3) 2.3 (0.4) 2.7 (0.7) 2.4 (0.7)

Sandberg 93 Non-P 1 15.3 (1.5) 13.2 (1.0) 10.5 (1.3) 10.4 (0.4) 8.0 (0.5) 7.9 (0.2)
Bluegrass 2 13.4 (0.1) 11.9 (0.9) 9.5 (1.7) 9.4 (0.3) 7.3 (1.6) 8.2 (1.9)

3 15.0 (1.0) 13.1 (0.8) 10.9 (0.8) 10.3 (0.4) 7.1 (0.7) 7.3 (0.3)
Primed 1 12.7 (2.0) 11.4 (1.1) 8.0 (0.4) 9.3 (1.4) 6.1 (1.9) 5.8 (1.2)

2 10.5 (0.3) 9.9 (0.7) 7.3 (0.1) 7.5 (1.0) 7.1 (1.8) 7.3 (3.0)
3 12.5 (1.8) 11.0 (0.1) 9.2 (2.6) 9.3 (0.8) 5.9 (0.5) 6.0 (0.9)

94{ Non-P 1 12.9 (1.7) 9.1 (0.3) 9.8 (1.7) 8.2 (0.5) 7.5 (0.3) 6.8 (0.4)
2 12.2 (0.8) 9.8 (0.4) 9.2 (0.5) 8.0 (0.5) 7.2 (0.7) 7.0 (0.2)
3 13.2 (0.3) 9.7 (0.2) 9.9 (0.8) 8.0 (0.8) 7.9 (0.7) 7.4 (0.2)

Primed 1 10.4 (1.8) 8.5 (1.2) { 5.6 (0.2) 8.0 (1.8) 6.2 (0.7)
2 9.5 (2.3) 7.4 (0.5) 8.6 (2.2) 6.3 (0.9) 7.7 (0.4) 5.3 (0.6)
3 9.8 (2.4) 7.8 (0.8) 9.9 (3.5) 5.5 (0.5) 8.0 (1.8) 5.6 (0.5)

Bottlebrush 93 Non-P 1 12.5 (1.1) 11.6 (0.3) 9.4 (1.1) 9.4 (0.4) 5.3 (0.6) 5.3 (0.2)
Squirreltail 2 11.6 (0.3) 10.2 (0.4) 7.7 (0.1) 8.0 (0.6) 4.8 (0.9) 5.0 (0.4)

3 13.2 (0.7) 11.6 (0.3) 9.0 (0.2) 9.2 (0.3) 5.0 (0.1) 5.3 (0.4)
Primed 1 8.0 (0.5) 8.5 (0.3) 5.6 (0.3) 5.4 (0.1) 3.5 (0.2) 3.4 (0.1)

2 6.9 (0.4) 7.0 (0.6) 4.9 (0.5) 5.1 (0.3) 3.5 (0.3) 4.0 (1.1)
3 7.9 (0.6) 8.2 (1.1) 5.7 (0.4) 6.0 (0.6) 4.0 (0.6) 3.6 (0.5)

94{ Non-P 1 10.7 (2.4) 7.8 (0.8) 7.3 (1.5) 5.6 (0.3) 4.1 (0.6) 4.3 (0.4)
2 9.7 (3.1) 7.7 (0.4) 7.3 (0.9) 6.7 (2.0) 5.5 (0.5) 4.6 (0.3)
3 9.7 (0.5) 7.4 (0.3) 6.1 (0.2) 6.3 (0.8) 4.5 (1.1) 4.5 (0.3)

Primed 1 4.3 (0.7) 5.1 (0.6) 3.7 (0.1) 4.0 (0.2) 3.0 (0.8) 6.8 (1.4)
2 5.1 (0.3) 5.3 (0.3) 3.8 (0.1) 4.2 (0.3) 3.2 (0.6) 3.9 (1.4)
3 5.0 (0.7) 5.2 (0.3) 4.5 (1.6) 4.3 (0.2) 2.7 (0.3) 3.7 (0.5)

Numbers in parentheses represent s.e.m.
*Missing data.
{Site di�erences not signi®cant in this year.
{Treatment did not reach 50% germination.
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measured at the Orchard site earlier in the season and in
other years (Fig. 4). Under conditions where water was
available, greater germination advancement would be
expected for primed seeds that had been planted earlier

than 1 April during the 2 years of our ®eld experiment
(Fig. 4).
Later germinating subpopulations exhibited relatively
higher variability in germination and emergence response
(Table 6). This increased variability was exhibited most
strongly at supraoptimal temperatures as has been shown

previously for non-primed seeds of these species and
seedlots (Hardegree et al., 1999). This e�ect was most



TABLE 5. Days to 50% germination as a function of species, year, priming treatment and simulated planting date for the
constant 10 and 258C treatments

Priming treatment

Species Year Temperature Planting date Non-primed Primed

Thickspike 93 10 1±6 7.7 (0.5) 4.2 (0.4)
Wheatgrass 25 1±6 3.1 (0.2) 1.9 (0.4)

94 10 1±6 10.9 (1.9) 7.5 (2.5)
25 1±6 6.0 (2.1) {

Bluebunch 93 10 1 9.0 (1.1) 4.4 (0.3)
Wheatgrass 2 9.2 (1.2) *

3 7.9 (0.5) 4.5 (0.3)
4 9.2 (1.5) 4.7 (0.7)
5 8.5 (0.3) 4.8 (0.6)
6 7.7 (0.4) 5.3 (0.2)

1±6 8.6 (1.0) 4.7 (0.5)
25 1 3.6 (0.2) 2.0 (0.6)

2 3.8 (0.4) *
3 3.2 (0.2) 1.6 (0.3)
4 3.7 (0.6) 2.6 (1.2)
5 3.5 (0.2) 1.8 (0.5)
6 4.0 (1.1) 4.9 (3.0)

1±6 3.6 (0.6) 2.6 (1.7)
94 10 1±6 6.5 (0.6) 3.5 (0.6)

25 1±6 2.9 (0.3) 1.9 (0.7)

Sandberg 93 10 1±6 13.0 (1.5) 10.5 (1.3)
Bluegrass 25 1±6 7.2 (1.2) 6.7 (1.5)

94 10 1±6 12.2 (1.3) 8.3 (1.2)
25 1±6 7.2 (1.1) {

Bottlebrush 93 10 1±6 10.3 (0.7) 6.1 (0.5)
Squirreltail 25 1±6 4.3 (0.7) 3.1 (0.6)

94 10 1±6 8.7 (1.1) 5.4 (0.6)
25 1±6 4.2 (0.8) 3.7 (1.7)

Planting date e�ects were not signi®cantly di�erent except for bluebunch wheatgrass in 1993. Data for other species and years were, therefore,
pooled across simulated planting dates. Numbers in parentheses represent s.e.m.
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apparent in the small-seeded Sandberg bluegrass which is
generally slower to germinate and perhaps more susceptible
to respiratory losses during priming and at supraoptimal
temperatures. Sandberg bluegrass showed signi®cant reduc-
tion in total percentage germination at a constant 258C
(Table 2). Hardegree et al. (1999) showed that the optimal
temperature for 50% germination of non-primed Sandberg
bluegrass seeds was about 208C, 58C lower than that for the
other species examined. Decreased germination at supraop-
timal temperatures is generally attributed to membrane
degradation, denaturation of enzymes and other degenera-
tive processes (Bewley and Black, 1994).

Ellis and Butcher (1988) and Dahal et al. (1990) also
investigated priming e�ects on thermal germination
response. They too found that priming decreased thermal-
time requirements but results di�ered in whether priming
reduced base temperature thresholds for germination. Both
previous studies calculated thermal model parameters by
regression from constant-temperature germination data but
did not test their models under variable temperature
conditions.

*Missing data.
{Some treatment replicates did not reach 50% germination.
Mueller (1996) noted that seedling root growth was
diminished for primed seeds of four other cool-season
grass species. Mueller (1996), however, conducted both his
priming and germination experiments under conditions that
reached 308C during the day. This temperature was found
to be supraoptimal for non-primed seeds of the same
species used in the current experiment (Hardegree et al.,
1999). Supraoptimal temperatures can be expected to
accelerate degradative metabolic processes that a�ect
subsequent growth (Bewley and Black, 1994). Priming
e�ects on germination rate are also known to be reduced at
higher temperatures (Taylor et al., 1998), therefore, the
relative bene®t of priming was also minimized in Mueller's
(1996) experiment.

The major thrust of many previous germination-response
studies has been to use thermal-model parameters as indices
for comparison of seedlots (Covell et al., 1986; Ellis et al.,
1986; Benech Arnold et al., 1990; Fidanza et al., 1996;
Holshouser et al., 1996). We also developed thermal-model
parameters (Table 6) but our objective was to compare
actual and predicted responses under alternative ®eld-
temperature scenarios. Arnold (1959) argued that it was
desirable to minimize variability in model coe�cients but

that the ultimate modelling objective was to minimize the
residual predictive error in germination time (measured in



include consideration of soil structural e�ects on seedling
emergence (Weaich et al., 1996).

TABLE 6. Thermal model parameters calculated from ®eld-variable temperature data from the ®rst four planting dates in
1993 and 1994

1993 1994

Non-Primed Primed Non-primed Primed

Species Subpopulation Tb y Tb y Tb y Tb y

Thickspike 10 2.2 43.6 (0.5) ÿ1.7 29.6 (1.6) 3.2 45.8 (1.0) 0.0 25.9 (0.8)
Wheatgrass 20 1.8 50.2 (0.5) ÿ0.5 33.6 (0.7) 2.4 57.4 (0.9) ÿ4.5 48.3 (0.6)

30 1.7 54.6 (0.2) ÿ0.8 39.3 (0.3) 2.3 63.4 (0.9) ÿ3.3 55.0 (0.5)
40 1.0 62.9 (0.5) ÿ1.8 47.7 (0.5) 1.7 75.5 (1.3) ÿ1.3 59.0 (0.7)
50 0.6 69.8 (0.5) ÿ2.0 53.9 (0.9) 1.3 87.7 (1.6) ÿ2.8 80.9 (1.9)
60 0.8 71.8 (0.6) ÿ3.2 65.9 (1.3) ÿ2.5 142.7 (3.7) ÿ4.2 126.8 (4.5)
70 0.3 81.2 (0.8) ÿ3.2 75.4 (1.7) ÿ9.9 269.1 (9.8) ÿ3.6 203.6 (9.0)
80 ÿ0.7 100.9 (1.4) ÿ3.2 90.9 (2.6)

Bluebunch 10 2.0 46.2 (0.4) 1.1 22.6 (1.4) 3.8 27.6 (0.7) 6.5 4.6 (0.6)
Wheatgrass 20 1.7 54.5 (0.3) 0.0 32.0 (0.6) 3.7 31.9 (0.4) 5.2 9.1 (0.9)

30 0.9 64.5 (0.7) ÿ0.7 39.1 (0.4) 2.9 38.4 (0.5) 3.7 14.9 (0.9)
40 0.8 70.5 (0.9) ÿ2.4 49.9 (0.4) 2.1 46.6 (0.6) 1.7 23.3 (0.9)
50 0.4 80.2 (1.1) ÿ3.2 59.9 (1.0) 0.8 58.0 (1.1) 0.3 32.1 (0.9)
60 ÿ0.2 96.4 (1.8) ÿ8.9 97.9 (2.1) ÿ0.4 72.1 (1.8) ÿ6.2 59.6 (1.0)
70 ÿ5.2 169.1 (4.7) ÿ1.9 94.6 (2.3) ÿ2.7 61.4 (2.0)
80 ÿ6.5 158.4 (5.9)

Sandberg 10 1.0 78.2 (0.9) ÿ2.4 76.8 (1.0) 1.1 78.6 (1.2) 2.2 38.6 (0.8)
Bluegrass 20 0.4 91.1 (0.9) ÿ2.0 85.2 (0.9) ÿ0.2 99.6 (1.4) ÿ0.2 60.9 (1.3)

30 0.2 100.1 (0.9) ÿ1.4 89.0 (1.1) ÿ0.7 112.7 (1.4) ÿ1.4 78.8 (1.6)
40 ÿ0.6 114.1 (0.8) ÿ0.6 91.3 (1.0) ÿ1.1 126.0 (1.3) ÿ2.0 95.7 (2.5)
50 ÿ1.2 131.3 (0.7) ÿ0.9 103.7 (1.7) ÿ1.2 138.0 (1.4) ÿ2.1 115.3 (5.6)
60 ÿ1.7 149.9 (1.7) ÿ1.8 129.7 (3.8) ÿ2.3 166.9 (2.7) ÿ1.7 139.6 (9.0)
70 ÿ2.5 189.0 (3.6) ÿ1.7 190.7 (5.8) 1.8 139.6 (13.8)

Bottlebrush 10 1.1 62.3 (0.7) ÿ0.5 41.5 (0.9) 2.5 42.0 (1.4) ÿ5.5 40.7 (0.6)
Squirreltail 20 0.7 72.2 (0.7) 0.3 45.5 (1.0) 1.5 56.0 (1.0) ÿ5.7 52.1 (0.7)

30 0.1 84.3 (0.7) 0.7 49.1 (0.7) 0.4 69.7 (0.8) ÿ4.8 58.1 (0.8)
40 ÿ0.3 94.5 (0.7) 0.3 56.9 (0.8) ÿ0.1 81.2 (1.0) ÿ5.6 71.1 (1.1)
50 ÿ0.5 104.2 (0.9) 0.3 62.1 (0.8) 0.6 88.0 (1.8) ÿ7.4 88.5 (1.5)
60 ÿ1.5 125.3 (0.8) 0.3 67.9 (1.1) ÿ0.5 116.8 (3.9)
70 ÿ4.9 186.3 (2.6) ÿ0.3 81.5 (1.6) ÿ2.1 165.4 (6.7)
80 ÿ4.0 150.4 (8.3)

Base temperatures (Tb) for each subpopulation were determined to be optimal for minimizing variability in thermal time (y) estimates as
measured by the CV method (Arnold, 1959). Numbers in parentheses present s.e.m. for optimized values of y.
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days). We believe that this also applies to the analysis of
comparative thermal response among species, seedlots and
seed treatments. In this study, priming e�ects on germina-
tion model coe�cients were determined to be statistically
signi®cant; however, priming e�ects on germination time
were larger than a few days only for the cooler, earlier
season planting dates (Table 4, Fig. 4). Modelling
expanded the predictive range for potential priming
response over the simulated test period (Fig. 4) and
indicated that a larger e�ect would have manifest itself at
earlier planting dates than measured in this experiment. We
conclude that seed priming of these species is inappropriate
unless planting can occur early enough in the spring to take
advantage of a signi®cant priming e�ect. In the Inter-
mountain region of the western United States, these periods
of cooler temperatures also coincide with the most likely
period of water availability.
A major limitation to our analysis is that we did not
evaluate response to water stress and the physical
constraints of seedling emergence from soil. Although we
added supplemental water to our ®eld plots, emergence was
severely restricted, regardless of priming treatment, later in
the season. Further analysis of hydrothermal response, as
has been carried out for some agricultural species (Ellis and
Butcher, 1988; Dahal and Bradford, 1990; Dahal et al.,
1990) and additional ®eld studies are needed before we will
be able to predict annual variability in emergence under
natural seedbed conditions. These studies should also
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FIG. 4. Relationship between simulated days to 50% germination of
primed and non-primed seeds for planting dates between 1 March and
15 May, 1993 to 1998 (h). Measured data points from the 1993/94

Hardegree and Van VactorÐField-tem
product does not constitute endorsement by the USDA and

laboratory experiment used in construction of the predictive model (d).
does not imply its approval to the exclusion of other
products that may also be suitable.
LITERATURE CITED

Alvarado AD, Bradford KJ, Hewitt JD. 1987. Osmotic priming of
tomato seeds: e�ects on germination, ®eld emergence, seedling
growth and fruit yield. Journal of the American Society of
Horticultural Science 112: 427±432.

Arnold CY. 1959. The determination and signi®cance of the base
temperature in a linear heat unit system. Journal of the American
Society for Horticultural Science 74: 430±445.

Benech Arnold RL, Ghersa CM, Sanchez RA, Insausti P. 1990.
Temperature e�ects on dormancy release and germination rate

in Sorghum halepense (L.) Pers. seeds: a quantitative analysis.
Weed Research 30: 81±89.
Bewley JD, Black M. 1994. Seeds: physiology of development and
germination. New York: Plenum Press.

Bleak AT, Keller W. 1970. Field emergence and growth of crested
wheatgrass from pretreated vs. nontreated seeds. Crop Science 10:
85±87.

Bleak AT, Keller W. 1972. Germination and emergence of selected
forage species following preplanting seed treatment. Crop Science
12: 9±13.

Bleak AT, Keller W. 1974. Emergence and yield of six range grasses
planted on four dates using natural and treated seed. Journal of
Range Management 27: 225±227.

Bradford KJ. 1986. Manipulation of seed water relations via osmotic
priming to improve germination under stress conditions.
HortScience 21: 1105±1112.

Bradford KJ, Steiner JJ, Trawatha SE. 1990. Seed priming in¯uence on
germination and emergence of pepper seed lots. Crop Science 30:
718±721.

Brar GS, Steiner JL, Unger PW, Prihar SS. 1992. Modeling sorghum
seedling establishment from soil wetness and temperature of
drying seed zones. Agronomy Journal 84: 905±910.

Brocklehurst PA, Dearman J, Drew RLK. 1984. E�ects of osmotic
priming on seed germination and seedling growth in leek. Scientia
Horticulturae 24: 201±210.

Covell S, Ellis RH, Roberts EH, Summer®eld RJ. 1986. The in¯uence of
temperature on seed germination rate in grain legumes. I. A
comparison of chickpea, lentil, soybean and cowpea at constant
temperatures. Journal of Experimental Botany 37: 705±715.

Dahal P, Bradford KJ. 1990. E�ects of priming and endosperm
integrity on seed germination rates of tomato genotypes. II.
Germination at reduced water potential. Journal of Experimental
Botany 41: 1441±1453.

Dahal P, Bradford KJ, Jones RA. 1990. E�ects of priming and
endosperm integrity on seed germination rates of tomato
genotypes. I. Germination at suboptimal temperature. Journal of
Experimental Botany 41: 1431±1439.

Egli DB, TeKrony DM. 1996. Seedbed conditions and prediction of
®eld emergence of soybean seed. Journal of Production Agriculture
9: 365±370.

Ellis RH, Butcher PD. 1988. The e�ects of priming and natural
di�erences in quality amongst onion seed lots on the response of
the rate of germination to temperature and the identi®cation of the
characteristics under genotypic control. Journal of Experimental
Botany 39: 935±950.

Ellis RH, Covell S, Roberts EH, Summer®eld RJ. 1986. The in¯uence of
temperature on seed germination rate in grain legumes. II.
Intraspeci®c variation in chickpea (Cicer arietinum L.) at constant
temperatures. Journal of Experimental Botany 37: 1503±1515.

Evans TA, Pill WG. 1989. Emergence and seedling growth from
osmotically primed or pregerminated seeds of asparagus
(Asparagus o�cinalis L.). Journal of Horticultural Science 64:
275±282.

Fidanza MA, Dernoeden PH, Zhang M. 1996. Degree-days for
predicting smooth crabgrass emergence in cool-season turfgrasses.
Crop Science 36: 990±996.

Finch-Savage WE, Phelps K. 1993. Onion (Allium cepa L.) seedling
emergence patterns can be explained by the in¯uence of soil
temperature and water potential on seed germination. Journal of
Experimental Botany 44: 407±414.

Garcia-Huidobro J, Monteith JL, Squire GR. 1982. Time, temperature
and germination of pearl millet (Pennisetum typhoides S. & H.). I.
Constant temperature. Journal of Experimental Botany 33:
288±296.

Hardegree SP. 1994a. Matric priming increases germination rate of
Great Basin native perennial grasses. Agronomy Journal 86:
289±293.

Hardegree SP. 1994b. Drying and storage e�ects on germination of
primed grass seeds. Journal of Range Management 47: 196±199.

Hardegree SP. 1996. Optimization of seed priming treatments to
increase low-temperature germination rate. Journal of Range
Management 49: 87±92.

Hardegree SP, Burgess MD. 1995. Datalogger control of environ-

perature Response of Primed Seeds 389
mental chambers for variable-temperature germination experi-
ments. Journal of Range Management 48: 554±556.



m

Hardegree SP, Emmerich WE. 1992. E�ect of matric-priming duration
and priming water potential on germination of four grasses.
Journal of Experimental Botany 43: 233±238.

Hardegree SP, Van Vactor SS. 1999. Predicting germination response
of four cool-season range grasses to ®eld-variable temperature
regimes. Environmental and Experimental Botany 41: 209±217.

Hardegree SP, Van Vactor SS, Pierson FB, Palmquist DE. 1999.
Predicting variable-temperature response of non-dormant seeds
from constant-temperature germination data. Journal of Range
Management 52: 83±91.

Hegarty TW. 1973. Temperature relations of germination in the ®eld.
In: Heydecker W, ed. Seed ecology. London: Butterworths,
411±432.

Helms TC, Deckard E, Goos RJ, Enz JW. 1996. Soybean seedling
emergence in¯uenced by days of soil water stress and soil
temperature. Agronomy Journal 88: 657±661.

Helsel DG, Helsel ZR, Minor HC. 1986. Field studies on osmocondi-
tioning soybeans. Field Crops Research 14: 291±297.

Holshouser DL, Chandler JM, Wu HI. 1996. Temperature-dependent
model for non-dormant seed germination and rhizome bud

390 Hardegree and Van VactorÐField-te
break of johnsongrass (Sorghum halepense). Weed Science 44:
257±265.
Keller W, Bleak AT. 1968. Preplanting treatment to hasten germination
and emergence of grass seed. Journal of Range Management 68:
213±216.

Khan AA, Maguire JD, Abawi GS, Ilyas S. 1992. Matriconditioning of
vegetable seeds to improve stand establishment in early ®eld
plantings. Journal of the American Society for Horticultural
Science 117: 41±47.

Mueller DM. 1996. Germination and root growth of 4 osmocondi-
tioned cool-season grasses. Journal of Range Management 49:
117±120.

Probert RJ. 1992. The role of temperature in germination ecophysio-
logy. In: Fenner M, ed. Seeds: the ecology of regeneration in plant
communities. Oxford: C.A.B. International, 235±285.

Suzuki H, Obayashi S. 1994. E�ects of seed treatments on the seedling
emergence, growth and yield of spring-sown carrot. Journal of the
Japanese Society for Horticultural Science 63: 73±79.

Taylor AG, Allen PS, Bennett MA, Bradford KJ, Burris JS, Misra MK.
1998. Seed enhancements. Seed Science Research 8: 245±256.

Weaich K, Bristow KL, Cass A. 1996. Simulating maize emergence
using soil and climate data. Agronomy Journal 88: 667±674.

perature Response of Primed Seeds
Yamamoto I, Turgeon AJ, Duich JM. 1997. Field emergence of solid
matrix seed primed turfgrasses. Crop Science 37: 220±225.


	Germination and Emergence of Primed Grass Seeds Under Field and Simulated-field Temperature Regimes
	INTRODUCTION
	MATERIALS AND METHODS
	Field emergence
	Laboratory germination
	Treatment comparisons
	Cumulative germination models and historical simulation

	RESULTS
	DISCUSSION
	ACKNOWLEDGEMENTS
	LITERATURE CITED
	Figures
	Figure1
	Figure2
	Figure3
	Figure4

	Tables
	Table1
	Table2
	Table3
	Table4
	Table5
	Table6


